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On Wavefunction Collapse,
the Absence of the Einstein-Poldolsky-Rosen Paradox
for the Entangled Spin-1
2
System,
and Some Results for Measurement in Quantum Mechanics
Stuart Samuel∗
We consider the Einstein-Podolsky-Rosen (EPR) paradox for the system of two particles
with entangled 1
2
spins in first-quantized quantum mechanics. If measurement is gov-
erned by wavefunction collapse, then we are able to show using gedanken experiments
that a number of fundamental principles including conservation of angular momentum
and the Heisenberg uncertainty principle can be violated. We conclude that the collapse
of the spin part of the wavefunction cannot happen and therefore an EPR paradox does
not arise for this system. Indeed, we demonstrate that quantum mechanical unitarity
alone is sufficient to rule out “spooky” action at a distance. The lack of a possible spin
wavefunction collapse for the entangled spin- 1
2
system leads to several interesting con-
clusions about how measurement works in first-quantized quantum mechanics: When
Copenhagen wavefunction collapse does not happen, (i) a signal from a macroscopic
measuring devices indicating that a system is in a state s does not necessarily mean
that it is or was in s and (ii) the uncertainty in quantum mechanics at the microscopic
level is transmitted to uncertainty in signals for the macroscopic measuring device. We
illustrate these statements using Stern-Gerlach to measure spin. For this framework to
work, nonlinearities need to be present in quantum mechanics. However, such nonlinear-
ities do not need to be introduced “by hand”: Feedback effects due to interactions of two
or more quantum objects naturally lead to them. These nonlinear effects are expected
to be greatest when large numbers of quantum entities interact, which is precisely the
situation for macroscopic measuring devices. Many of the above conclusions do not ap-
ply in quantum field theory in which particle creation and destruction occur. Indeed, a
viable possibility is that wavefunction collapse occurs during such processes.
Keywords: Wavefunction Collapse; EPR Paradox; Measurement in Quantum Mechanics
1. Introduction to the EPR Paradox
The Einstein-Podolsky-Rosen1 (EPR) paradox is a quantum mechanical effect that
has bothered many physicists. In the original 1935 paper, Einstein, Podolsky and
Rosen argued that quantum mechanics is either incomplete or inconsistent. The
authors consider two particles that interact for a while and then move far apart but
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2 Stuart Samuel
in such a way as to have their positions correlated. More precisely, they consider
a wavefunction Ψ(x1,x2) such that if the first particle is located at x1 then at
later times the position x2 of the second particle is x2 = x1 + x0 where x0 is a
large distance, so large that the two particles no longer significantly interact. Such
a situation might occur if a particle at rest decays into two particles. One observer
then measures precisely the position of the first particle to be some value xf1 while a
second observer measures precisely the momentum pf2 of the second particle. From
the first measurement, one deduces the position xf2 of the second particle to be
xf2 = x
f
1 + x0 thereby simultaneously determining the momentum p
f
2 and position
xf2 of the second particle at some later final time in violation of the Heisenberg
uncertainty principle.
The standard argument for avoiding the violation of the Heisenberg uncertainty
principle uses wavefunction collapse. A measurement on the first particle not only
causes its wavefunction to collapse but also causes the wavefunction of the second
particle to do so thereby destroying the correlations between the two particles.
However, this bothered Einstein, Podolsky and Rosen: How can the measurement
performed on the first particle cause a wavefunction change for the second faraway
particle? This would seem to violate causality in special-relativity. However, there
is a theorem2–5 that states that no message or communication between the two
observers can be sent using this effect.
An EPR-like paradox can be produced for any system of two objects involving
two non-commuting observables, in which the observables are correlated over a
long distance. The quintessential system involves the entanglement of two spin- 12
particles:6 Two particles are generated at a central location with one moving to the
left and one moving to the right, and with a combined spin angular momentum of
0:
|00〉 = (|↑〉− |↓〉+ − |↓〉− |↑〉+)/
√
2 . (1)
Here, the subscript − (respectively +) denotes the particle moving to the left or in
the negative direction (respectively right or the positive direction), |00〉 indicates
the state with S = Sz = 0, and |↑〉 denotes a spin- 12 state with Sz = + 12 , that
is,
∣∣ 1
2 ,
1
2
〉
, and |↓〉 a state with Sz = − 12 , that is,
∣∣ 1
2 ,− 12
〉
. Here we used standard
notation:7,8 |SSz〉 represents an eigenstate with total spin S and a value of Sz for
the z-component of spin. The entangled spin state in Eq.1 can arise for any two
spin- 12 particles but for the purposes of clarity and presentation, we choose the
particle moving to the left to be an electron and the particle moving to the right to
be a positron. In this case, the − and + can also stand for electron and positron.
The setup is shown in Figure 1.
The EPR paradox for this entangled spin- 12 system is as follows: The electron
and positron are allowed to speed away from one another until they are very far
apart. Then a measurement is made on the electron to determine its spin in the
z-direction. Just before the measurement, the spin of the positron could be up or
down. If, after the measurement, the spin of the electron is up then the spin of
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Fig. 1. Setup for the entangled spin- 1
2
EPR paradox.
the positron must be down; and if the electron’s spin is down then the positron’s
spin must be up. There are two disturbing aspects about this. (i) First, from the
measurement of the electron’s spin on the left, one immediately knows the the
spin of the positron on the right. If the time it takes to measure the electron’s
spin is ∆tM and the distance D between the two particles is greater than ∆tM/c,
then knowledge about the positron’s spin is obtained faster than it takes light to
propagate from the electron to the positron. (ii) Second, the measurement of the
electron’s spin on the left appears to have forced the the spin of the positron to take
on a particular value. It seems that a measurement on the electron is causing an
effect on the faraway positron’s (spin) wavefunction that, again, can happen faster
than the time it takes light to propagate between the two particles.
Aspect (i) of the EPR paradox involves the propagation of knowledge (but not
information2–5) faster than the speed of light. It is straightforward to show that
there is nothing paradoxical about this.
Essential to the instantaneous knowledge of the spin of the positron by the
observer at the left is a prior agreement about the experimental setup and that
the entire experiment lies within the causal future light cone of this agreement
event. Figure 2 shows the situation. In this figure, the two experimentalists get
together at t = 0, the source is positioned at the origin and arranged to generate
anti-correlated spins for the electron and positron, one experimentalist moves to
the left and setups up a spin detector there, while the other experimentalist does
the same to the right, the positron and electron are emitted at some later time
from the source, and finally their spins are measured. Since everything happens
within the future causal light cone, the rapid transfer of knowledge of the spin of
the position does not violate special relativity. To emphasize the point, consider
the situation in Figure 2 in which the experimentalists do not discuss the nature of
the setup and do not know that the source will generate a spin correlation. When
the experimentalist at the left measures the electron’s spin, the experimentalist
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Fig. 2. The space-time light cone containing the events of the entangled spin- 1
2
experiment.
then does not know that the positron’s spin is opposite to the electron’s spin even
though the source for the electron and positron is creating anti-correlated spins; no
instantaneous knowledge of the far-away-spin is gleaned in this case. Hence aspect
(i) is non-problematic. The analysis in this paragraph applies to other versions of
the EPR paradox including the one in the original EPR paper: EPR setups can
convey knowledge about distant objects faster than the speed of light but this is
not in violation of special relativity.
The spin- 12 measuring devices in Figure 1 are assumed to be able to measure the
spin in the z-direction. We shall assume that the spin measurement involves spin
wavefunction collapse: Let a particle be in a linear combination of sz spin states,
that is, a |↑〉+b |↓〉. Then, if the device measures the z-component of a spin- 12 particle
to be up, then at some point in the measurement process the state becomes a′ |↑〉
and this is achieved by destroying the down component of z-spin b |↓〉 → 0 and
renormalizing the |↑〉 factor: 〈a′| a′〉 = 1. Similar statements hold when the device
measures the spin to be down. We also assume that the spin measuring device is
“accurate” meaning that the probability of measuring up spin is 〈a| a〉 /N and the
probability of measuring down spin is 〈b| b〉 /N . Here, N = 〈a| a〉+ 〈b| b〉, and 〈c| c〉
indicates the inner product of the wavefunction factor c for all degrees of freedom
except for the particle’s spin component. The objects a, b and c involve the spatial
wavefunction of the particle as well as the spin states and wavefunctions of all
other entities relevant to the experiment including those of the measuring device
and the nearby environment. Wavefunction collapse is part of the Copenhagen
interpretation of measurement in quantum mechanics.9,10 For this reason, we refer
to a measurement of spin of the nature described in this paragraph as a Copenhagen
Spin- 12 Measurement.
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The Copenhagen Spin- 12 Measurement in Figure 1 causes the collapse of the
spin part of the wavefunction of the electron and creates aspect (ii) of the EPR
paradox: the measurement of the spin of the electron leads to a collapse of
(|↑〉− |↓〉+ − |↓〉− |↑〉+)/
√
2 to either |↑〉− |↓〉+ or to |↓〉− |↑〉+ each with a probabil-
ity of 50% thereby affecting the spin wavefunction of the faraway positron. Before
the measurement on the electron, the positron had a 50% chance of pointing up
and a 50% chance of pointing down. After the Copenhagen Spin- 12 Measurement,
the spin of the positron is 100% up if the spin of the electron has been measured
to be down and 100% down if the spin of the electron has been measured to be up.
Hence a long-distance change in the spin part of the positron has been caused by
the Copenhagen Measurement of the electron’s spin.
The Copenhagen collapse of the wavefunction violates quantum-mechanics uni-
tarity. The justification10 for this during wavefunction collapse is based on the
connection between the wavefunction and probability: If a single measurement
definitively determines that the spin is up (respectively, down) then the wavefunc-
tion must collapse and be proportional to |↑〉 (respectively, |↓〉 ). The Converse
Copenhagen Statement, namely, if Copenhagen wavefunction collapse does not
occur then a single measurement cannot necessarily definitively determine the spin
state, follows from pure logic (if A then B ⇒ If (not B) then (not A)).
2. Possible Violation of Angular Momentum in a Copenhagen
Spin-1
2
Measurement of Entangled Spins
If a measurement creates a collaspe of the wavefunction as described in Section 1,
then conservation of angular momentum can be violated: Assume that the initial
state is an eigenstate of angular momentum with values of J and Jz as measured
at the spatial point where the pair are created. Note that the the initial e−–e+
pair and everything else in the universe is required to combine to give an angular
momentum state of |JJz〉. The initial eigenfunction for the system is Ψ(|↑〉− |↓〉+−
|↓〉− |↑〉+)/
√
2 where Ψ is the wavefunction for the degress of freedom of the electron,
the positron and everything else except the spins of the electron and the positron.
The angular momentum state of Ψ must be |JJz〉 since (|↑〉− |↓〉+ − |↓〉− |↑〉+) is
a J = 0 object. When the Copenhagen Spin- 12 Measurement of the electron is
performed, the wavefuntion collapses to either Ψ′ |↑〉− |↓〉+ (if the electron’s spin is
measured to be up) or Ψ′′ |↓〉− |↑〉+ (if the electron’s spin is measured to be down).
Neither of these wavefunctions can be an eigenstate of angular momentum.
The problem with either Ψ′ |↑〉− |↓〉+ or Ψ′′ |↓〉− |↑〉+ as final states is that
|↑〉− |↓〉+ and |↓〉− |↑〉+ are a combination of spin 0 and spin 1 and it is not pos-
sible to construct a state with the original values of J and Jz. To create a state
with angular momentum |JJz〉 for the spin 1 part, either |↑〉− |↑〉+ or |↓〉− |↓〉+
or both must be present. For example, in the first case above, Ψ′ |↑〉− |↓〉+ =
Ψ′(|↑〉− |↓〉+− |↓〉− |↑〉+)/2 + Ψ′(|↑〉− |↓〉+ + |↓〉− |↑〉+)/2. For the first term to have
angular momentum content of |JJz〉, Ψ′ must have angular momentum content of
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|JJz〉 because (|↑〉− |↓〉+−|↓〉− |↑〉+)/2 is spin 0. For the second term to have angular
momentum content of |JJz〉, there must be present terms of the form Ψ′− |↑〉− |↑〉+
and/or Ψ′+ |↓〉− |↓〉+ where Ψ′− and Ψ′+ have Jz values of respectively −1 and 1
and total angular momentum of either J − 1, J or J + 1; then angular momentum
J−1, J or J+1 can in principle combine with angular momentum 1 to give angular
momentum J . However, since Ψ′ has to have total angular momentum J because
of the spin zero term, only the case of J (and not J − 1 or J + 1) can occur for
Ψ′− and Ψ
′
+. For this to produce an angular momentum eigenstate |JJz〉, Ψ′, Ψ′−
and Ψ′+ need to be related in the appropriate way with normalizations related to
Clebsch-Gordon coefficients.
Methods of measuring the spin of the electron must distinguish up spin from
down spin. Hence the process of measuring the spin is likely to lead to a wave-
function of the form Ψ′ |↑〉− |↓〉+ − Ψ′′ |↓〉− |↑〉+ where Ψ′ differs from Ψ′′. In such
cases, “spin-flipping” terms proportional to |↑〉− |↑〉+ and/or |↓〉− |↓〉+ have to arise
when the initial state is eigenstate of angular momentum; The reasoning is sim-
ilar as in the previous paragraph. So not only cannot the wavefunction collapse
to Ψ′ |↑〉− |↓〉+ but “spin-flipping” terms proportional to |↑〉− |↑〉+ and/or |↓〉− |↓〉+
have to arise if Ψ′ 6= Ψ′′.
The violation of angular momentum can be verified by direct calculation. For
Ψ′ |↑〉− |↓〉+ to have a z-component of angular momentum of Jz, it suffices for Ψ′
to have a z-component of angular momentum of Jz. The problem is not with Jz
but with total angular momentum. When J2 is applied to Ψ′ |↑〉− |↓〉+, it needs
to produce j(j + 1)Ψ′ |↑〉− |↓〉+. In the standard way, it is useful to express J2
as J2z + (J+J− + J−J+)/2 where J+ = Jz + iJy is the Jz-raising operator and
J− = Jz−iJy is the Jz-lowering operator. Substitute for Ji in J2, Ji = J ′i+Se
−
i +S
e+
i
where i = x, y, z, − or +, and where the Se−i (respectively, Se
+
i ) are the spin
operators of the electron (respectively, positron). Here, J ′i is the ith component
of angular momentum involving all the other degrees of freedom including those
of the environment and those for the orbital angular momentum of the electron
and positron. When this subsitution is performed, many terms proportional to
|↑〉− |↓〉+ are produced. One problematic term comes from Se
−
− S
e+
+ Ψ
′ |↑〉− |↓〉+ =
~2Ψ′ |↓〉− |↑〉+ which needs to vanish and does not. Other problematic terms come
from (J ′+S
e−
− + J
′
−S
e+
+ )Ψ
′ |↑〉− |↓〉+ = ~(J ′+Ψ′) |↓〉− |↓〉+ + ~(J ′−Ψ′) |↑〉− |↑〉+; the
first term (J ′+Ψ
′) |↓〉− |↓〉+ is not zero unless Jz is a maximal value, that is, Jz = J ,
and the second term (J ′−Ψ
′) |↑〉− |↑〉+ is not zero unless Jz is a minimal value, that
is, Jz = −J .
If the initial state is an eigenstate with J = 0 then the above argument does
not work for a technical reason:a To measure spin in the z-direction an axis in
that direction must be picked out. Hence, it is not possible to have an initial state
with J = 0 and a measuring device for up and down spin. This problem does not
a This was pointed out to the author by Stephen Adler.
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necessarily arise for J > 0 and Appendix A presents an example.
3. Problems with Casuality and the Uncertainty Principle in a
Copenhagen Spin-1
2
Measurement of Entangled Spins
If the Copenhagen Spin- 12 Measurement is first performed on the spin of the electron
at the left in Figure 1 and it is up (respectively down), then the spin part of
the wavefunction collapses to |↑〉− |↓〉+ (respectively, |↓〉− |↑〉+). Hence, when one
subsequently measures the spin of the positron at the right, its spin will be down
(respectively up). Similarly, statements hold for when the spin of the positron is first
measured and the spin of the electron is measured afterwards. The perfect anti-spin
correlation is borne out by Copenhagen Spin- 12 Measurements. The same is true if
one chooses to measure both spins in the y-direction because the form of the spin
factor (|↑〉− |↓〉+ − |↓〉− |↑〉+) is independent of the axis of spin quantization.
If one first measures the spin of the electron in the z-direction and subse-
quently the spin of the positron in the y-direction, then the following occurs (as-
suming Copenhagen spin wavefunction collapse). In the case in which the elec-
tron spin measurement is up, then the wavefunction collapses to |↑〉− |↓〉+. The
spin of the positron is down when using the z-axis for spin quantization, which
is (|↑〉+ − i |↓〉+)y/
√
2 when using the y-axis for quantization, where the subscript
indicates the axis of spin quantization. Hence, there will be a 50% chance of subse-
quently measuring the y-spin of the positron as up and 50% chance of measuring
its y-spin as down. Furthermore, if the spin of the positron is up in the y-direction,
it does not mean that one knows that the electron’s spin is down in the y-direction
because the collapse of the wavefunction has ruined the anti-correlation of spins
in the y-direction: although (|↑〉− |↓〉+ − |↓〉− |↑〉+)z = (|↑〉− |↓〉+ − |↓〉− |↑〉+)y be-
fore the Copenhagen Spin- 12 Measurement of the electron’s spin, (|↑〉− |↓〉+)z =
(|↑〉− + i |↓〉−)y(|↑〉+ − i |↓〉+)y/2 afterwards.
In the above two paragraphs, the collapse of the wavefunction when measuring
the electron’s spin causes an instantaneous long-distance effect on the positron’s
spin state that prevents (i) inconsistencies in the measurement on the anti-alignment
of the electron’s and positron’s spins and (ii) the simultaneous measurement of the
y and z components of the electron’s spin. These two paragraphs are presented to
contrast what happens in the next three paragraphs.
Fig. 3. The entangled spin- 1
2
setup with the left spin measurer moving at a very high speed v to
the left in the negative x-direction.
Return to the setup in Figure 1 but consider the case in which the experimen-
talist on the left and his measuring device are moving at a relativistic speed v to
the left. Also arrange things so that the experimentalist on the left is closer to the
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source when the electron-positron pair is emitted. We choose the velocity v to be
in the (negative) x-direction, which eliminates the need to use Lorentz transforma-
tions in comparing spin measurements in the analysis below. The situation is shown
in Figure 3. Then due to special relativity, the speeds and initial positions can be
adjusted so that each experimentalist claims to have made the spin measurement
first. For example, in the rest frame of Figure 3 (that is, the rest frame of the right
observer and the source), when v = 0.95c and the speed of the electron and positron
is 0.99c and the distance of the left observer is 0.5sec c (half a light-second) from
the source and the right observer is 1.0sec c from the source, then the measurement
of the spin of the electron by the left observer in the right observer’s reference frame
happens almost 11.5 seconds after the right observer has measured the spin of the
positron, while in the left observer’s reference frame the measurement of the spin of
the positron by the right observer happens almost 3 seconds after he has measured
the spin of the electron. For the purposes of clarity, we take the experimentalist on
the left to be male and the experimentalist on the right to be female.
When the experimentalist on the right measures the spin of the positron in
the z-direction, the spin collapses to (|↑〉− |↓〉+ − |↓〉− |↑〉+)/
√
2 → |↓〉− |↑〉+ if
she measures the spin of the positron to be up and collapses to |↑〉− |↓〉+ if she
measures it to be down. Both of these occur with 50% probability and the out-
come cannot be affected by the spin measurement of the electron because, in her
rest frame, the spin measurement of the electron has not yet been made. A sim-
ilar situation exists for the experimentalist measuring the spin of the electron. In
his rest frame, he sees the source and the other experimentalist moving rapidly
away from him and the measurement of the spin of the positron has not yet taken
place when he makes his measurement. So his measurement causes a collapse of
(|↑〉− |↓〉+ − |↓〉− |↑〉+)/
√
2 → |↑〉− |↓〉+ if he measures the electron spin to be up
and to |↓〉− |↑〉+ if he measures it to be down. Each outcome occurs with 50% prob-
ability and cannot be affected by the measurement of the positron on the right.
Thus, there are four possible cases: two are compatible with each other with both
measurements causing a collapse to |↑〉− |↓〉+ or to |↓〉− |↑〉+ and two are incom-
patible resulting in collapses by the right and left measurements that do not agree
with each other. For example, both experimentalists can measure the spins to be
up, meaning that the left experimentalist causes a collapse to |↑〉− |↓〉+ but the
right experimentalist causes a collapse to |↓〉− |↑〉+. Thus, by using measuring de-
vices that are moving with respect to each other, it is possible to create a causality
contradiction.
Issues similar to the above have been raised in the context of entangled photons.
See refs.[11, 12].
When in Figure 3 the left and right experimentalists measure spin in two per-
pendicular directions, it is possible to violate the Heisenberg uncertainty principle
for a spin- 12 state:
∆Sy∆Sz ≥ ~2/4 . (2)
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Let the left experimentalist measure the z-component of the electron’s spin and the
right experimentalist measure the y-component of the positron’s spin. Recall that
the structure (|↑〉− |↓〉+ − |↓〉− |↑〉+) is the same regardless of the direction of the
axis of spin quantization. So if the right experimentalist uses a Copenhagen Spin- 12
Measurement in Figure 3 and observes the y-component of spin of the positron to
be up (respectively down) then the y-component of the spin of the electron must be
down (respectively up). The right observer subsequently reports her experimental
result to the left experimentalist. Since each experimentalist makes his or her mea-
surement before the other one, both can claim that their measurements are exact,
valid and unaffected by the measurement of the other. In this way, the left experi-
mentalist knows the z-component of the electron’s spin from his measurement of it
and deduces its y-component (since it is opposite to the result reported by the right
experimentalist for the positron). Hence, both y- and z-components of the spin of
the electron are determined precisely, which violates the Heisenberg uncertainty
relation in Eq.(2). We label this as aspect (iii) of the EPR paradox.
Note that the use of experimentalists moving with respect to one another is
necessary to create the issues with casuality and with the Heisenberg uncertainty
principle. In Figure 1 in which the observers are not moving with respect to one
another, the measurement of left experimentalist happens before the measurement
of the right experimentalist or vice versa in the rest frame of the experiment. Sim-
ilarly, in this same setup of Figure 1, as is evident from the first two paragraphs
in this Section, the Heisenberg uncertainty principle is not violated because the
wavefunction collapse of the first measurement necessarily affects the measurement
of the second. In Figure 3, this does not happen: although the collapse is instanta-
neous and non-local, both measurements of the experimentalists occur before the
other in their respective reference frames.
4. Resolution of Aspects (ii) and (iii) of the EPR Paradox
Given that a Copenhagen Spin- 12 Measurement not only violates unitarity but it
can also lead to a causality contradiction, and violate both conservation of angular
momentum and the Heisenberg Uncertainty Principle for an object of spin 12 , it is
reasonable to conclude that Copenhagen collapse of the spin part of the wavefunc-
tion cannot happen for the entangled spin- 12 system in first-quantized quantum me-
chanics. If Copenhagen collapse does not happen then the measurement of the spin
of the electron does not force (|↑〉− |↓〉+ − |↓〉− |↑〉+)/
√
2 to become either |↑〉− |↓〉+
or |↓〉− |↑〉+ and there is no long-distance action on the spin of the positron at the
right from the measurement by the experimentalist on the left. This resolves as-
pect (ii) of the EPR paradox. Without wavefunction collapse, there is no “spooky”
action at a distance.
Although wavefunction collapse is able to avoid violation of the Heisenberg
Uncertainty Principle for the “static” case (see the second paragraph of the previous
section), the opposite is true for the situation using detectors moving relatively to
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one another in Figure 3. Indeed, wavefunction collapse is the basis for the violation
of the Heisenberg Uncertainty Principle in this case. This is not only true of the
entangled spin- 12 system but the original situation considered by Einstein, Podolsky
and Rosen1 if relativistically moving measuring devices are used.
If Copenhagen collapse of the spin part of the wavefunction does not happen
then the Converse Copenhagen Statement holds, namely that it is not necessarily
possible to determine the spin of an object in a single measurement. If a single
measurement cannot definitively determine the spin then there is no violation of
Eq.(2) and aspect (iii) of the EPR paradox is resolved. We illustrate the need for
multiple measurements to determine the spin of a state in the case of Stern-Gerlach
in Section 6 below.
Unitarity by itself is sufficient to show that aspect (ii) of the EPR paradox
cannot arise for the entangled spin- 12 system. As is well known, the evolution of a
quantum system is generated by the operator
U(tf , t0) = T [Exp(− i~
∫ tf
t0
H(s)ds)] , (3)
which is the time-ordered exponential product of the Hamiltonian H. Here T [...]
indicates time ordering. When applied to the wavefunction at an initial time to,
U(tf , to) produces the wavefunction at a later time tf . As a unitary operator,
U(tf , to) preserves the norms and orthogonality properties of states. In particu-
lar, if Ψ1(to) and Ψ2(to) are two states at time to then Ψ1(tf ) = U(tf , to)Ψ1(to)
and Ψ2(tf ) = U(tf , to)Ψ2(to) are the solutions to the Schro¨dinger equation at time
tf . These wavefunctions satisfy |Ψ1(tf )|2 = |Ψ1(to)|2, |Ψ2(tf )|2 = |Ψ2(to)|2 and
〈Ψ1(tf )|Ψ2(tf )〉 = 〈Ψ1(to)|Ψ2(to)〉.
To see whether a measurement of the electron at the left is able to affect the
spin of the positron at the right, have the positron travel very far away in Figure
1, insist that there be no long term interactions between the electron and the
positron, and require the positron to be in an insolated region where nothing nearby
affects its spin. We shall show that if the measurement of the electron respects
unitarity then the spin of the positron is unaffected. The initial wavefunction is
Ψ(|↑〉− |↓〉+ − |↓〉− |↑〉+) where 〈Ψ|Ψ〉 = 12 . The probability that the positron’s spin
is up is 50% and the probability that its spin is down is 50%. This is not only true
for when the axis of quantization for spin is in the z-direction but also true when
the axis of quantization for spin is in any direction. This characterizes the nature
of the spin of the positron since any measurement on it is only able to produce
these “50% – 50%” results. We need to show that this property remains true after
a unitary-respecting measurement on the electron is made.
Because nothing in the region nearby the positron can affect its spin, unitarity
takes the following form: Ψ |↑〉− |↓〉+ → Ψf |↓〉+ and Ψ |↓〉− |↑〉+ → Ψ′f |↑〉+ where
Ψf and Ψ
′
f are wavefunctions at any time after the measurement on the electron
has been performed; these wavefunctions include everything except the spin of the
positron and satisfy 〈Ψf |Ψf 〉 = 〈Ψ′f |Ψ′f 〉 = 〈Ψ|Ψ〉 = 12 and 〈Ψf |Ψ′f 〉 = 0 if unitarity
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holds. Therefore, Ψ(|↑〉− |↓〉+ − |↓〉− |↑〉+) → (Ψf |↓〉+ −Ψ′f |↑〉+). The probability
of having the positron’s spin up is still 50% and the probability of having it down
is still 50%, a result that only depends on 〈Ψf |Ψf 〉 = 〈Ψ′f |Ψ′f 〉 = 12 .
If the quantization axis for spin of the positron is taken to be in a different direc-
tion n, then expressing |↓〉+ = α |↓〉n +β |↑〉n and |↑〉+ = β∗ |↓〉n−α∗ |↑〉n for some
complex numbers satisfying α∗α + β∗β = 1, one finds Ψ(|↑〉− |↓〉+ − |↓〉− |↑〉+) →
(αΨf −β∗Ψ′f ) |↓〉n+(βΨf +α∗Ψ′f ) |↑〉n. A short calculation reveals that the proba-
bility of having the positron’s spin up in the direction n is still 50% and the proba-
bility of having it down is still 50%; this result depends on 〈Ψf |Ψf 〉 = 〈Ψ′f |Ψ′f 〉 = 12
and also 〈Ψf |Ψ′f 〉 = 0. Hence, the nature of the positron’s spin is unchanged. In
this paragraph, |↑〉n and |↓〉n denote respectively up and down spin when the axis
of quantization for spin is in the n direction.
This completes the proof that unitarity, which is a fundamental property of first-
quantized quantum mechanics, is sufficient to prevent a long-distant effect on the
positron’s spin wavefunction due to measurements on the electron. Aspect (ii) of
the EPR paradox cannot happen without violating quantum-mechanical unitarity.
As a side comment, it is possible for the linear combination a |↑〉 + b |↓〉 to
become either only up spin or down spin during a measurement process with-
out violating unitarity by having |↓〉 evolve to |↑〉 through physical interactions:
a |↑〉+ b |↓〉 → a |↑〉+ b′ |↑〉 = (a+ b′) |↑〉 where 〈b′|b′〉 = 〈b|b〉 and 〈a|b′〉 = 0. The
Converse Copenhagen Statement still holds even if there is a unitarity-preserving
spin- 12 measurement that mimics spin wavefunction collapse through physical effects
(in the sense that if the spin is measured to be up then at some point during the
measuring process a |↑〉+ b |↓〉 → (a+ b′) |↑〉, that is, the down component of spin
is not destroyed but gets flipped). However, a unitarity-preserving spin- 12 measure-
ment still cannot render the spin part of the wavefunction as |↑〉− |↓〉+ or |↓〉− |↑〉+
without possibly violating angular momentum if the initial state is an eigenstate of
angular moment.
5. Stern-Gerlach and Spin Wavefunction Collapse
The lack of an EPR paradox in the entangled spin- 12 system depends on the absence
of wavefunction collapse for spin. In this section, we argue on physical grounds in
first-quantized quantum mechanics that such a collapse cannot happen if Stern-
Gerlach is used to measure spin.
The Stern-Gerlach method13 of measuring spin involves two components: a re-
gion with a gradient magnetic field, which we take to be in the z-direction, and a
detection screen. When an object with spin enters the gradient magnetic field it
drifts in the z-direction according to its z-value of spin mz. This z-displacement is
then detected by a flash on the screen. For an object of spin s, there are 2s + 1
possible z-components: mz = −s,−s+ 1, ..., s− 1, s and hence 2s+ 1 locations for
the flash to appear. For the spin- 12 case, if an object has its spin up |↑〉 then a flash
generally appears above the z = 0 plane, and if an object has its spin down |↓〉,
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then a flash generally appears below the z = 0 plane.
When the spin part of the wavefunction is a linear combination of up and down
spin, a |↑〉+ b |↓〉, then it is an experimental fact that two flashes do not appear on
the screen: there is either a flash above the z = 0 plane or below the z = 0 plane.
This represents the absence of generalized macroscopic Schro¨dinger Cats.14 The
situation is not a linear combination of a flash above the z = 0 plane and a flash
below the z = 0 plane; indeed, the traditional Schro¨dinger Cat can be obtained by
connecting a flash above the z = 0 plane to the release of poison in a chamber.
In this section, we restrict the analysis to first-quantized quantum mechanics.b
This means that the detection screen cannot be the usual one for Stern-Gerlach since
a flash and hence photons are produced during a measurement. The production of
or absorption of photons is a second-quantized process. Instead, the detection screen
needs to be designed to cause the incoming spin- 12 to become embedded in it. Later,
the detection screen can be inspected to see whether the embedded object is located
above or below the z = 0 plane.
Consider the situation when the spin part of the wavefunction of the object to
be measured is a linear combination of up and down spin, that is, it is of the form
a |↑〉 + b |↓〉 with a 6= 0 and b 6= 0. When the object enters the gradient magnetic
field of the Stern-Gerlach device, the up component of the wavefunction moves up
(in the z-direction) and the down component moves down. If the signal appears
above (respectively, below) the z = 0 plane, then the usual conclusion is that the
spin is up (respectively, down).
It is important for the environment of the gradient magnetic field of the Stern-
Gerlach device to be “pristine.” For example, if there is an object with spin |↓〉e
in the environment nearby then an incoming up spin |↑〉 could “spin-flip” with this
nearby spin: |↑〉 |↓〉e → |↓〉 |↑〉e. If this happens early enough then a signal occurs
below the z = 0 plane instead of above it. If the environment is not pristine enough
to avoid spin-flipping then the Stern-Gerlach device will be incapable of accurately
measuring spin even when the spin of the incoming object is purely up or purely
down. Of course, the magnetic field itself can cause spin flipping particularly if the
gradient is very strong. Indeed, there are reasons for believing that at lease some
spin-flipping may occur in the magnetic field region.15–17
Let us ignore the case in which spin-flipping in the magnetic region occurs (oth-
erwise the Stern-Gerlach device is not always accurate in measuring spin). By the
time the object reaches the screen its wavefunction will have approximately sepa-
rated into two components: one centered above the z = 0 plane with an integrated
square magnitude of |a|2 and one centered below the z = 0 plane with an integrated
square magnitude of |b|2. Although we don’t know precisely what happens physi-
cally when the object strikes and interacts with the screen, we do know that the
object eventually becomes imbedded in the screen. As such, it binds to something:
if is it an atom, it is incorporated into the solid network of atoms, if it is an electron,
b Second-quantization issues are discussed in Section 11.
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it is captured by an atom, and so forth. To form the bound state, the object must
reduce its energy. This can be done without the emission of photons if the object
interacts with and passes some energy to the nearby matter of the detection screen.
Wavefunctions for bound states are localized. Hence, one knows that the spatial
part of the wavefunction necessarily ends up being localized. Given that the spatial
wavefunction before striking the screen was relatively broad, a significant shrinking
in the size of the wavefunction must occur.
When the object binds, the entire spatial wavefunction, that is, both the com-
ponent above the z = 0 plane and below the z = 0 plane, must become localized
at the binding site. If this occurs above the z = 0 plane, it is not the case that
the spatial wavefunction component of |↓〉 is destroyed. Not only does this violate
quantum-mechanical unitarity but it is physically unreasonable given that the entire
wavefunction is involved in forming the bound state. Hence, there is no Copenhagen
collapse of the spatial wavefunction. Instead, a physical collapse of it takes places.
In addition, there little is possibility of Copenhagen collapse of the spin part
of the wavefunction. Just before the object reaches the detection screen, the spin
neither points up nor down nor even in a fixed direction: The effect of the gradient
magnetic field is to cause the spin to become “twisted” pointing in a variety of
directions depending on the spatial coordinate of the wavefunction.18 If Copenhagen
collapse of the spin part of the wavefunction occurs, why should the direction of
spin even be in the z-direction at this stage and not in some other direction?
When the object strikes the screen, its wavefunction undergoes a very complicated
transformation in interacting with all the degrees of freedom of the screen. It is
extremely unlikely that these interactions would “untwist” the spin and make it
point either purely up or purely down at any point in time.
Given the above, an EPR paradox cannot occur in first-quantized quantum
mechanics if the Spin- 12 Measurers in Figure 1 use Stern-Gerlach. This Section
complements the Gedanken experiments of Sect.2-4 in that physical considerations
come to the same conclusions about the lack of Copenhagen wavefunction collapse
for spin.
6. Using Stern-Gerlach to Measure Spin
If Copenhagen wavefunction collapse does not happen, then the Converse Copen-
hagen Statement holds. In the previous section, we argued on the basis of physical
considerations that the spin part of the wavefunction does not collapse for Stern-
Gerlach and therefore a single measurement does not necessarily definitively deter-
mine the spin. In this section, we show that, in general, many measurements are
needed to establish the value of the spin.
If the spin of the object is arranged to either point up or point down (and
this can be decided randomly and unbeknownst to the experimentalist) but is not
a linear combination of these two states, then a single measurement suffices to
determine the spin. If the spin part of the wavefunction of the object is |↑〉, then
14 Stuart Samuel
the object gets embedded in the screen above the z = 0 plane (an “up” signal) and
the experimentalist knows the spin is up. However, no Copenhagen wavefunction
collapse is needed in this situation: The spin before entering the Stern-Gerlach
device is |↑〉, when it is observed to be up then the Copenhagen picture requires it
to be |↑〉, and therefore the spin part of the wavefunction did not need to collapse.
The same is true if the spin is down: the spin wavefunction enters the device as |↓〉,
it is observed to be down and therefore remains unchanged at least until the object
begins interacting with the screen.
When the spin part of the wavefunction of the object is a linear combination of
up and down spin, that is, it is of the form a |↑〉+ b |↓〉, then a single measurement
is insufficient to determined the spin of the object. Given the discussion in Section
5, Copenhagen wavefunction collapse does not occur and there is uncertainty in the
measuring process: when the object is observed to be embedded in the screen above
(respectively, below) the z = 0 plane, it does not necessarily mean that the spin
points up (respectively, down). Although the purpose of the Stern-Gerlach device
is to measure spin, it is incapable of determining the spin to be a |↑〉 + b |↓〉 in a
single measurement.
When the spin is of the form a |↑〉+ b |↓〉, there is a direction ~n of quantization
in spin space in which the spin points up.c To measure the spin with a Stern-
Gerlach device, one must orient the the gradient magnetic field in this direction.
This requires generating the incoming object with the same spin state each time
and performing repeated measurements. Although it should be obvious how to do
this, we present the procedure for completeness and because it emphasizes the need
for multiple measurements.
After performing many measurements with the gradient magnetic field in the
z-direction, one notes the number of “up” signals Nup and the number of “down”
signals Ndown. Then the magnitudes of a and b (up to experimentally uncertainty)
can be obtained from
|a|2 = Nup
Ntotal
, |b|2 = Ndown
Ntotal
, where Ntotal = Nup +Ndown . (4)
It then follows that the spin of the object is located at an angle θ with respect to
the z-axis, where
tan (
θ
2
) =
|b|
|a| =
√
Ndown
Nup
. (5)
If θ = 0 (respectively, pi), then the spin points in the positive (respectively, negative)
z-direction. If θ is neither 0 nor pi, then there is a circle of possibilities: the ring
in polar coordinates located at the angle θ of Eq.(5) with respect to the z-axis.
One can then orient the Stern-Gerlach device at an angle θ with respect to the z-
direction (or even at another angle) and perform repeatedly measurements until the
c When the spin is of the form (α+ iγ) |↑〉+(β+ iδ) |↓〉, where α, β, γ and δ are real numbers, this
direction ~n in 3-space is given by ~n = (2(αβ+γδ), 2(αδ−βγ), α2−β2+γ2−δ2)/(α2+β2+γ2+δ2).
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number of “up” signals N ′up and the number “down” signals N
′
down is accurately
determined. Here, the primes indicate spin measurements in the direction of the
new axis. By using Eq.(5), one can determine that the spin points at an angle θ′
with respect to the new axis. This produces a second circle of possibilities for the
orientation of the spin. The intersection of these two circles generates two points at
most. In general, the Stern-Gerlach device needs to be oriented in one of these two
directions and a few more measurements are required to determined the direction
of the spin of the object.
When this direction is ~n = (nx, ny, nz) where n
2
x + n
2
y + n
2
z = 1, the spin of the
object (up to an overall phase) is equal to
a| ↑〉+ b| ↓〉 =
√
(1 + nz)
2
| ↑〉+ (nx + iny)
√
1− nz√
2
√
n2x + n
2
y
| ↓〉 . (6)
In Eq.(6), we have adjusted the overall phase so that the coefficent a is real.
That the above procedure is a correct method for measuring the spin of a spin- 12
object using a Stern-Gerlach device should be obvious. However, the message that
emerges from the discussion of this procedure is that a single measurement cannot
determine the spin of the object. It takes many measurements to establish Eq.(6);
each measurement provides limited information and only when combined with the
results of many other measurements can the spin be determined.
To summarize, when a signal occurs for z > 0 (respectively, z < 0) in a single
measurement, the spin of the object does not necessarily point up (respectively,
down), and the experimentalist cannot be sure in which direction the spin points
at any moment during the measuring process. The uncertainty at the microscopic
level of quantum mechanics is transmitted to the macroscopic level in that the
experimental signal (be it above the plane or below the plane) is uncertain in
conveying the status of the spin to the experimentalist.
The above picture is in contrast to the Copenhagen one. In the Copenhagen pic-
ture, an embedded object above (respectively, below) the z = 0 plane is considered
to indicate that the spin is definitely up (respectively, down). Given the connection
between probability and the wavefunction, the spin wavefunction must collapse to
|↑〉 (respectively, |↓〉) to eliminate the uncertainty.
7. Measurements of Quantum Systems in General
In this section, we consider the consequences for measurement when it is assumed
that Copenhagen collapse cannot happen not only for spin but for any wavefunction.
Consider a macroscopic measuring device that is capable of detecting up to M
different quantum states, s1, s2, . . . , sM normalized to 1: 〈si, si〉 = 1. In principle,
these states need only to be distinct, which can be represented mathematically as
〈si, sj〉 < 1 for i 6= j; However, some of the statements below are valid only if the
states are orthogonal. Hence, for convenience, we assume
〈si, sj〉 = δij . (7)
16 Stuart Samuel
We require that the measuring device is “good in the first sense” in that if
the incoming state (that is, the state to be measured) is purely si then the device
produces a signal Si that corresponds to the presence of si only. We represent this
by
si → Si . (8)
In the case of a Stern-Gerlach device for spin- 12 , there are two state (M = 2) and the
Si correspond to embedded objects above or below the z = 0 plane of the screen.
Note that no Copenhagen collapse of the wavefunction is needed for the situation
corresponding to Eq.(8): The signal Si indicates that the state has to be si and
indeed it is si before being measured by the device.
When Copenhagen wavefunction collapse cannot happen and the incoming state
is a linear combination of the si and a signal is detected then the experimentalist
cannot be sure of the nature of the state for a single measurement. If the incoming
state s0 is
s0 =
∑
j
aisi , (9)
where ai are complex numbers whose squares sum to 1, then the absence of
Schro¨dinger Catsd means that only one of the M possible signals can occur in
a single measurement. We also assume that the measuring device is “good in the
second sense,” namely, that the probability of producing a signal Sj is equal to |aj |2.
With the same source (Eq.(9)) and repeated measurements, sometimes s0 → S1,
sometime s0 → S2, etc. After the experiment is repeated Ntotal times, then one
deduces the magnitudes of the aj coefficients up to experimental uncertainties from
|aj |2 = Nj
Ntotal
, (10)
where Nj is the number of times the signal Sj was produced during Ntotal mea-
surements.
The situation at this point is analgous to the case of measuring spin with a
Stern-Gerlach device using a magnetic field that points only in the z-direction. To
determine the real and imaginary parts of the aj , new devices, which are capable
of measuring different linear combinations of the si must be used. The analogue
for the spin- 12 case of Section 6 is pointing the Stern-Gerlach device in a different
direction.
In the above picture, with a single measurement the experimentalist cannot be
sure that the incoming state is si when the signal on the device is Si. This uncer-
tainty is a consequence of the uncertainty of quantum mechanics at the microscopic
level. However, this picture violates linearity and therefore requires the presence of
d In this work, a Schro¨dinger Cat means a generalized Schro¨dinger Cat, that is, a state that is a
linear superposition of macroscopically incompatible situations.
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nonlinear effects in quantum mechanics. Nonlinear effects in quantum mechanics
are discussed in Section 9 below.
In the Copenhagen picture, it is assumed that if the device produces the signal
Si then the incoming state must have been si (at least at some point). This then
requires s0 in Eq.(9) to become si at some point in time:∑
j
ajsj → s′i → Si , (11)
where s′i is the evolution of si at a later time. In the Copenhagen picture, this
is achieved by wavefunction collapse, namely by having |ai| → 1 and |aj | → 0
for j 6= i. Unitarity is violated and the uncertainty of quantum mechanics at the
microscopic scale is lost at the macroscopic scale.
In the above discussions, it is assumed that the measuring device is constructed
by experimentalists. However, there are situations in nature that mimic measuring
devices in which humans play no role. Indeed, we speculate that whenever a quan-
tum system interacts with the large number of degrees of freedom of a macroscopic
object to produce a macroscopic effect (call it Si), the result is similar to the sit-
uation of having
∑
j ajsj → Si. The motivation of this speculation is the lack of
observation of macroscopic Schro¨dinger Cats: If
∑
j ajsj →
∑
j ajΨSi , where ΨSi
is a wavefunction corresponding to having the macroscopic effect Si present, then
one would have a superposition of wavefunctions corresponding to “incompatible”
macroscopic situtations and hence a generalized Schro¨dinger Cat. If Copenhagen
wavefunction collapse does not happen, then s0 must evolve to one specific ΨSk
without the destruction of wavefunction components.
In the above, we have assumed that the the measuring device is only capable of
observing M discrete states. It is useful to consider the possibility of an “analog”
macroscopic (or perhaps even a microscopic) device that is capable of measuring all
the coefficients aj in Eq.(9) in a single measuring event. For example, there could be
2M dials which range from 0 to 1 corresponding to the real and imaginary parts of
the ai. In a single measurement, the dials would register the fractions that represent
all the ai. For the case spin-
1
2 , the device could have a needle (or indicator) that
can point anywhere with the result of a measurement causing its direction to point
toward ~n = (nx, ny, nz), where the components of ~n are given in Eq.(6). With
such a device, one measurement would suffice to determine the spin with certainty.
However, no Copenhagen collapse would take place because the incoming spin state
corresponding to the direction ~n would be the same as the measured spin state.
From the analysis in this Section emerges is the following Quantum Mea-
surement Rule: If, in the Copenhage picture, wavefunction collapse is needed
“to explain” an experimental result, then multiple measurements are necessarily to
determine the quantum state, but if a measurement does not need wavefunction
collapse to explain it then a single measuring event suffices. The conclusion about
measurement in this section is not an intepretation19,20 of quantum mechanics but
a consequence of quantum mechanics and several assumptions: (i) time evolution
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is governed by the Schro¨dinger equation or a Schro¨dinger-like equation of the form
i~∂Ψ∂t = HΨ for some Hamiltonian H, (ii) probability is proportional to the abso-
lute square of the wavefunction, (iii) all matter is governed by quantum mechanics,
and (iv) macroscopic Schro¨dinger Cats do not exist. The “integrated” version of (i)
implies unitarity and unitarity itself is sufficient to rule out Copenhagen wavefunc-
tion collapse. Assumption (iv) and (i) imply that nonlinear effects must be present
in quantum mechanics and this is treated in Section 9.
8. Possible Frameworks for Quantum Measurements
Most of the rest of this article concerns measurement in first-quantized quantum
mechanics. In some of the discussions, conjectures are involved and we try to make
it clear when this is being done.
Given the results in Sections 6 and 7, we propose three frameworks or structures
for quantum measurements. The first is the Copenhagen picture:∑
i
aisi(x, e, t0)→ sj(x, e, tm)→ sj(x, e, tf |Sj) (Copenhagen Picture) , (12)
where the arrows indicate the evolution of the wavefunction and where sj(x, e, tf |Sj)
is a wavefunction in which the signal Sj is present. In Eq.(12), we explicitly show
the variable dependence of the states si: they depend on variables x associated with
the object to be measured and all other variables e not associated with this object
including those of the environment and the measuring apparatus. Note that x and e
represent sets of variables. Initially, it may be possible to factorize the wavefunction
as si(x, e) = s˜i(x)Ψi(e) but when the object to be measured interacts with the
environment, the apparatus or both, this factorization is almost surely not possible.
Eq.(12) produces what is observed experimentally: Each time the experiment is
conducted, only one signal Sj occurs as represented by the last term sj(x, e, tf |Sj)
in Eq.(12). This is explained in the Copenhagen Picture by the collapse of the
wavefunction, namely, that at a certain point in time tm the components si for
i 6= j are destroyed with the entire wavefunction becoming sj up to an overall
phase, as is indicated in the middle term in Eq.(12).
The second picture is the linear one:∑
i
aisi(x, e, t0)→
∑
j
ajsj(x, e, tf |Sj) (Linear P icture) , (13)
while the third picture is the nonlinear one:∑
i
aisi(x, e, t0)→
∑
i
aisi(x, e, tm)→ s(x, e, tf |Sj) (Nonlinear P icture) . (14)
In both Eq.(13) and Eq.(14), none of the components states si are destroyed and
the wavefunction evolves respecting quantum-mechanical unitarity. In Eq.(14), how-
ever, only one specific signal is generated each time the experiment is conducted. In
the Copenhagen and the Nonlinear pictures, we assume that the measuring devices
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are “good in the second sense” so that the probability of having the state with the
signal Sj is |aj |2.
In the above three equations, t0 indicates an “early” time well before the mea-
suring process has begun, tm is a time at which the object to be measured is
interacting with the appartus, and tf indicates a “late” time at which the signal
has been registered by the device. In the Copenhagen Picture, the wavefunction
must become sj at some point in the measuring process for the signal to be Sj
thereby removing any uncertainty in the measurement. In the Nonlinear Picture,
the signal Sj does not necessarily mean that the state was sj at any point in time
and so uncertainty at the quantum level is transmitted to uncertainty at the “signal
level”: The signal does not definitively convey with certainty the state at any point
in time, and multiple measurements are, in general, needed to determine the initial
state.
We argued in Sections 2 and 3 that there are gedanken experiments for the
entangled spin 12 -system in which Copenhagen collapse of the spin part of the
wavefunction leads to violations of fundamental principles in first-quantized quan-
tum mechanics. The physical arguments in Section 5 indicate that there is no col-
lapse of the spin part of the wavefunction when Stern-Gellach is used to measure
spin. Hence, the Copenhagen framework in Eq.(12) cannot always be correct. Since
the Copenhagen picture violates quantum mechanical unitarity in general and is
the origin of the Einstein-Poldoksly-Rosen paradox, we consider the Copenhagen
picture to be ruled out in first-quantized quantum mechanics even though it has
macroscopic sensibility.
The Linear Picture, as its name implies, is based on linearity in quantum me-
chanics:
H(
∑
i
aisi) =
∑
i
ai(Hsi) , (15)
where H is the Hamiltonian. Very often, the analysis of a quantum system is con-
ducted “in insolation” with the role of external matter and fields simply generating
an external potential for the object under study in which case the analysis obeys
Eq.(15). Linearity leads to Eq.(13) and to what-we-call strong unitarity. Given that
the measuring device is “good in the first sense”, the equation
sj(x, e, tf |Sj) = U(tf , t0)sj(x, e, t0) , (16)
holds when just the single state sj is being measured, that is, there is no linear
superposition of states. In Eq.(16), U(tf , t0) is the unitary operator in Eq.(3). Lin-
earity of U(tf , t0) then produces Eq.(13).
Strong unitarity means the following: Let ψi(t0) for i = 1, . . . , N be a set of N
different initial wavefunctions. Then the value at a later time tf of each ψk can be
determined using the Hamiltonian H without regard to the other N − 1 possible
initial wavefunctions via ψk(tf ) = U(tf , t0)ψk(t0). Strong unitarity then says:
〈ψi(tf ), ψj(tf )〉 = 〈ψi(t0), ψj(t0) for i = 1, . . . , N and j = 1, . . . , N , (17)
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that is, all inner products and norms among different possible evolved states are
perserved by quantum mechanical evolution.
Clearly Eq.(14) violates Eq.(17) and therefore the Nonlinear Picture does not
obey quantum mechanical linearity. However, linearity is not a fundamental prop-
erty of quantum mechanics and is violated as we demonstrate in Section 9.
The Linear Picture violates macroscopic sensibility and requires an interpreta-
tion because it produces a linear superposition of macroscopically incompatiable
situations, that is, Schro¨dinger Cats, as expressed in the right-hand side of Eq.(13).
Such a linear combination of macroscopically different states, is not observed.
Below, we provide examples of nonlinear effects in quantum mechanics. Eq.(13)
can, at best, be approximate. Assuming Eq.(13) to be exact, we provide in the next
Section a Gedanken experiment that rules out the Linear Picture.
We hypothesize that within first-quantized quantum mechanics the Nonlin-
ear Picture is correct because it does not violate any fundamental principles and
matches macroscopic sensibility. However, we are unable to demonstrate that the
Nonlinear Picture is correct for sure, and, in the end, experiments need to be con-
ducted to establish whether it is right or wrong. Alternatively, it may be possible
to use theoretical models to gain insight into the situation. It is also possible that
none of the pictures in Eqs.(12)-(14) are correct and that some other framework
governs measurement in quantum mechanics. Indeed, in this regard there have been
proposals21–25 to modify quantum mechanics, although, given the evidence that ev-
erything is governed by quantum mechanics (and this would include experimental
devices), we believe that modifications are not needed.
9. Nonlinear Effects in Quantum Mechanics
Nonlinear effects in first-quantized quantum mechanics arise through feedback.
When one object interacts with another, it affects the other which, in turn, can
affect the original object.
Consider the case of a static charged particle or atom in front of a conductor.
See Figure 4. Classically, one knows that the charges in the conductor will adjust
themselves so that the situation is equivalent to having a “mirror charge” in the case
of a point charge and a “mirror charge distribution” in the case of a distribution
of charges. If the charge of the object is Q and located at a distance d in front of
the conduction, then the mirror charge is −Q and located a distance d behind the
conduction. Quantum mechanically, the same must be true. The charge distribution
associated with a wavefunction Ψ(x, y, z) is Q|Ψ(x, y, z)|2 where Q is the charge of
the object. Hence, there is a term in the potential V (x, y, z) of the form
V (x, y, z) = −Q2
∫ |Ψ(x′, y′, z′)|2√
(x+ x′)2 + (y − y′)2 + (z − z′)2 dx
′dy′dz′ , (18)
where the x-direction is perpendicular to the surface of the conductor. The
Schro¨dinger equation for this situation involves the term V (x, y, z)Ψ(x, y, z), which
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Fig. 4. A Wavefunction in Front of a Conductor.
is cubic in Ψ, and hence is nonlinear. We express this as
i~
∂Ψ
∂t
= H(Ψ(t))Ψ , (19)
that is, the Hamiltonian depends on the wavefunction at time t.
As another example, consider the formation of a diatomic molecule in which
each atom has a single valence electron. We concentrate on just these two degrees
of freedom and assume that the wavefunction can be factorized as Ψa(xa)Ψb(xb)
where Ψa is the wavefunction for the valence electron of the first atom and Ψb
is the wavefunction for the valence electron of the second one. The Schro¨dinger
equation for the first valence electron depends on which atomic valence wavefunction
state the second electron is in. In addition, as the two atoms approach each other,
the wavefunction for the second electron will deform thereby providing a different
potential and interaction for the first electron. The same is true for the second
electron: its Schro¨dinger equation depends on the wavefunction of the first valence
electron. One thus has,
i~
∂Ψa
∂t
= H(Ψb(t))Ψa , and
i~
∂Ψb
∂t
= H(Ψa(t))Ψb .
(20)
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When the second equation of Eq.(20) is integrated using Eq.(3) to get Ψb(t) =
T [Exp(− i~
∫ t
t0
H(s,Ψa(s))ds)]Ψb(t0) and Ψb(t) is substituted into the first equa-
tion of Eq.(20), one ends up with a nonlinear Schro¨dinger equation for Ψa. If the
wavefunction for this example cannot be factorized, one still ends up with Eq.(19)
where Ψ is a function of the degrees of freedom for both valence electrons.
In general, as soon as multiple objects interact among themselves, feedback
effects like the two examples provided here occur and the Schro¨dinger equation will
assume the nonlinear form of Eq.(19). Hence, nonlinearity in quantum mechanics
is the norm and not the exception.
With nonlinearity, Eq.(15) no longer holds because the Hamiltonians appearing
on the left and right sides of this equation are different. Similarly, strong unitarity
fails. Instead, one has what-we-call weak unitarity: If Ψ(t0) is an initial wavefunction
that is expressed as a sum of N different initial component wavefunctions,
Ψ(t0) =
N∑
i=1
ψi(t0) , (21)
then its value at a later time tf can be determined by integrating the nonlinear
Schro¨dinger equation in Eq.(19) and also by integrating the individual components
ψk using the Hamiltonian H(Ψ) involving the “full” wavefunction Ψ (and not just
H(ψk)) and then summing them. Unlike the case of strong unitarity, the evolution
of a particular ψk depends on the other N − 1 wavefunctions. When the individual
terms ψk are evolved in this manner, then all inner products and norms among
the component states are perserved by quantum mechanical evolution and Eq.(17)
holds.
In Section 4, we demonstrated that quantum mechanical unitarity was sufficient
to prohibit a measurement of the spin of the electron from affecting the spin of the
faraway positron for the entangled spin- 12 system. The question is whether strong
or weak unitarity is required for this result. One can check that weak unitarity
suffices.
In the case of a macroscopic object consisting for example of an enormous num-
ber of quantum objects (for example, atoms) each object will have feedback effects
with its neighbors and the neighbors with their neighbors and so on, so that the
nonlinear effects accumulate. So the question arises: Are the nonlinearities so signifi-
cant that Eq.(13) is rendered invalid for macroscopic objects and that the Nonlinear
Picture in Eq.(14) is the relevant one for such situations? If the answer is yes, then
one has The No Schro¨dinger Cat Conjecture, which says that: Nonlinear effects in
quantum mechanics are sufficiently strong as to eliminate macroscopic Schro¨dinger
Cats. This conjecture, if true, would not only apply to measurements involving
macroscopic apparatuses but also situations not involving human constructions
that produce superpositions of macroscopically incompatible states.
Nonlinear quantum mechanics has been considered before, early examples being
references 25, 26, 27, by modifying the Schro¨dinger equation with ad hoc nonlinear
potentials. There are experimental constraints28,29 on the magnitude of such terms.
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However, the nonlinear effects presented in this Section are feedback effects arising
from the usual electromagnetic force. Indeed, if one “integrates” out the electro-
magnetic potential in a path integral formulation of quantum electrodynamics, one
ends up with four-fermion interactions, which produce feedback effects in higher
orders of pertubation theory. The Van der Waals force is an example: The polariza-
tions of two molecules affect each other, and the structure of the equations is similar
to Eq.(20). However, in the limit in which the distance between the molecules is
much larger than the characteristic size of the molecules, the Schro¨dinger equation
for one of the molecules can be linearized so that the nonlinear effect can go unno-
ticed. In short, we believe the role of nonlinearity in quantum mechanics has been
underestimated.
10. A Gedanken Experiment Ruling Out the Linear Picture
When an object (e.g. an electron, nucleus, atom) encounters a medium, it can expe-
rience a potential increase at the interface. See Figure 5. For the case in which the
Fig. 5. The Potential at the Interface. Shown are the interface, the incoming wavefunction and
the step potential as a function of distance from the interface.
potential is a step function, this situation is a text-book problem in one-dimenional
quantum mechanics. In “linear” quantum mechanics, when the energy of the object
is somewhat more than the height of the potential step, part of the wavefunction
(call it ΨT ) passes to the other side of the interface and part of the wavefunction
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(ΨR) is reflected back. These two wavefunctions eventually become well separated
and virtually orthogonal. A small modification of each using Gram-Schmidt can
render them perfectly orthogonal.
Consider the case when the object has a charge – for example, the charge of the
electron. Then when linearity strictly holds as in Eq.(13), one eventually arrives at
as situation where a fraction of an electron charge (corresponding to the reflected
wavefunction ΨR) is located well in front of the interface and the remaining fraction
of the charge (corresponding to the transmitted wavefunction ΨT ) is located well
beyond the interface. If one were to measure the charge in any one of these two
regions, one would find a fractional result. However, isolated fractional charges have
never been observed.
The nonlinear picture offers the possibility of avoiding the appearance of frac-
tional charge: The reflected and transmitted wavefunction components aRΨ
′
R(tf )
and aTΨ
′
T (tf ) have counterparts in the original incoming wavefunction Ψ0:
Ψ0(t0) = aRΨ
′
R(t0) + aTΨ
′
T (t0) where the prime indicates that the wavefunction
has been normalized to 1, |aR|2 + |aT |2 = 1, t0 represents an “early” time in which
the object has not yet approached the interface, and tf represents a “late” time
well after the object has “collided” with the interface. Both aRΨ
′
R(t0) and aTΨ
′
T (t0)
can be obtained by evolving ΨR(tf ) and ΨT (tf ) backward in time with the inverse
of the unitarity operator in Eq.(3). The initial situation is equivalent to Eqs.(13)
and (14) where the sum is over only two terms. The extended interface in Figure 5
necessarily involves a large number of entities (such as atoms or molecules). When
the object reaches the interface, it interacts with its many degrees of freedom of
the medium. The nonlinear effects discussed in the last section can then invalidate
the linear picture in Eq.(13) and lead to Eq.(14) in which either Ψ0(t0)→ Ψ′R(tf )
or Ψ0(t0)→ Ψ′T (tf ).
11. Quantum Field Theory
The discussion and analysis up to now has been within the context of ordinary
first-quantized quantum mechanics. In this section, we discuss a few related topics
in quantum field theory.
The production or destruction of particles, that is, second-quantized processes,
could affect some of the results in the previous sections. While do not know the
consequences in all cases, we can say a few things. A useful consideration is that
ordinary quantum mechanics is expected to be reasonably accurate between particle
creation and destruction events.
We argued within ordinary quantum mechanics that, when spin is measured by
the Stern-Gerlach method, the spin part of the wavefunction cannot collapse on
the basis of physical considerations. However, this meant that we could not use the
usual screen in which the location of the object with spin (after passing through a
gradient magnetic field) is determined by a flash, that is, the production of a large
number of photons. Does the emission of a photon from a screen of the type used
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in the Stern-Gerlach lead to a collapse of the wavefunction? While one does not
know in detail what happens when a photon is emitted by an object, a reasonable
conjecture (the Photon Localization Conjecture) is that the spatial wavefunction
becomes localized in a region whose size is of order λ where λ is the wavelength of
the photon.e Photon emission cannot cause a wavefunction to collapse to a point. In
a Stern-Gerlach measurement, photon emission in the screen would help to localize
the wavefunction (and also help to reduce the energy of the object) before the object
becomes embedded in the screen and forms a bound state. Can photon emission
lead to a collapse of the spin part of the wavefunction? We don’t know the answer
to this.
In Section 9, we showed that nonlinearity in quantum mechanics from feedback
effects renders the Linear Picture in Eq.(13) approximate at best. Quantum field
theory, itself being highly nonlinear, provides additional nonlinear terms in the
Hamiltonian. For example, in the limit of large W and Z masses, the weak interac-
tions are well represented by four-fermion terms. When used in a first-quantization
formalism, they represent cubic terms in the Schro¨dinger equation. Even if self-
interactions are eliminated through normal-ordering or renormalization, the four-
fermion terms in higher order perturbation theory produce nonlinearities. Simi-
lar nonlinearities arise from the strong and electromagnetic interactions. In short,
quantum field theory provides additional nonlinear effects for ordinary quantum
mechanics.
The Gedanken experiment in Section 10 ruling out the Linear Picture still works
because, in principle, it can be carried out without the production or destruction of
particles. Hence, in second-quantized quantum mechanics the Linear Picture cannot
be exact. If the Linear Picture were exact in quantum field theory, then there is the
possibility of additional Schro¨dinger Cats: macroscopically incompatible situations
involving different numbers and types of particles.
One is thus left with the Copenhagen and the Nonlinear pictures (or some other
picture) for measurement within quantum field theory. When a particle emits a
photon, the wavefunction transitions from a wavefunction of the particle alone to
a wavefunction of the particle and a photon. This is such a drastic change that one
could view it as the destruction of the initial wavefunction, and since Copenhagen
wavefunction collapse involves the partial destruction of a wavefunction, it is pos-
sible that the Copenhagen Picture could arise in quantum field theory. Alexey V.
Melkikh in reference 30 suggested that this might be the case. Imagine that one
has a wavefunction whose extent is many times larger than the wavelength λ of
the photon that will be emitted. One question is: Does photon emission happen
instantaneously? If so, is the wavefunction outside the region where the photon is
emitted (that is characterized by the size λ) destroyed thereby producing Copen-
hagen wavefunction collapse? In perturbation theory, which is the most commonly
e Similarly, a reasonable conjecture is that if an object absorbs a photon then its wavefunction
becomes localized in a region of the size of order of λ.
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used calculational method in quantum field theory, particle production and destruc-
tion happen instantaneously. However, this is likely to be an artifact of perturbation
theory. It is more likely that the process takes place over a time scale ∆t given by ~Eγ
where Eγ = hν is the energy of the photon; so the time scale is of the order of the
inverse of the photon’s frequency. For visible light, this scale is about 10−15 seconds.
If photon emission corresponds to a physical collapse, then (assuming the Photon
Localization Conjecture to be true) during the time interval ∆t the wavefunction
continuously deforms to the region where the photon is being created. Even if the
process happens smoothly over an interval ∆t, it is still possible that wavefunc-
tion destruction occurs bit by bit and yields Copenhagen wavefunction collapse. In
short, the Linear Picture is ruled out, but in quantum field theory the Nonlinear
and Copenhagen pictures are possible, at least with our current understanding of
second-quantized processes.
It is unclear whether all the analyzes in first-quantized quantum mechanics in
the previous sections apply in quantum field theory because some features of ordi-
nary quantum mechanics may not hold. For example, in Section 4 we proved that
unitarity by itself is sufficient to rule out “spooky” action at a distance for the en-
tangled spin- 12 system. Unitarity is a property that is not easily tested experimen-
tally but mathematically straightforward to establish in first-quantized quantum
mechanics. Does unitarity hold in quantum field theory? Suppose the wavefunc-
tion is expressed as a linear combination of states at a certain point in time t0 as
in Eq.(21). To demonstrate unitarity, one needs to show that the inner products
amoung these component states is perserved in time. In quantum mechanics, one
can integrate the Schro¨dinger equation in Eq.(19) to determine the states at a later
time or apply the unitarity operator in Eq.(3) to the initial state and verify that
inner products are unchanged. Suppose in second-quantized quantum mechanics,
the wavefunction is again expressed as a sum of states as in Eq.(21) at t0 but the
wavefunction at a later point in time tf involves different types and numbers of
particles. How does one determine a component state ψi(tf ) from ψi(t0) when such
a drastic change takes place? One needs to know this to check whether the inner
products obey Eq.(17). A specific example is useful: Consider the case in which a
positron and an electron annhilate into two photons. Suppose the wavefunction Ψ0
for the positron-electron system is arbitarily expressed as the sum of two wave func-
tions Ψ0a and Ψ0b. Suppose that the wavefunction after annhilation is Ψf , where
Ψf involves the degrees of freedom of the two photos. How does one determine how
to express Ψf as a sum of two waveufunctions Ψfa and Ψfb and show that their
norms and inner product are the same as Ψ0a and Ψ0b? The standard calculational
method for such processes in quantum field theory uses perturbation theory (as
well as renormalization to handle infinities that arise in the calculation) and, unlike
first-quantized quantum mechanics in which one can use the evolution operator in
Eq.(3), offers no method to determine Ψfa from Ψ0a and Ψfb from Ψ0b. It may
that the concept of unitarity does not make sense in quantum field theory, or that
it is not a property, or that it is a property but we have a lack of understanding as
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to how to do the computation to establish it.
The first experiments31–36 involving the EPR paradox were conducted in the
context of testing Bell’s inequality37 or the Clauser-Horne-Shimony-Holt38 version
of it. Two photons with entangled polarizations were separated by a significant dis-
tance. When the polarizations were measured, these experiments and others since
the 1980’s consistently found the two polarization signals were opposite and hence
correlated. Hence, the evidence is very strong that, in quantum field theory, ex-
periments with entangled photon polarizations using certain polarization detectors
produce correlated signals.
In 2015, an experiment39 involving the entangled spin- 12 system was performed.
The spins of two electrons were entangled using a clever version of entanglement
swapping.40 After the electrons had been separated by 1.3 kilometers, the spin
of each electron was measured using spin-dependent fluorescence. Hence, second-
quantized processes were involved in the measurement. The spins of the two elec-
trons were found to be opposite within experimental errors.
In summary, to date no experiment involving the EPR paradox has been con-
ducted that does not involve photons and second-quantized processes. The EPR
paradox has not yet been tested in purely first-quantized quantum mechanics.
12. Discussion and Conclusions
Sections 2 and 3 show that the existence of a Copenhagen Spin- 12 Measurement for
the entangled spin- 12 system can violate angular momentum, create cause-and-effect
problems concerning the collapse of the wavefunction, and violate the Heisenberg
uncertainty principle in first-quantized quantum mechanics. If collapse of the wave-
function does not occur then the Converse Copenhagen Statement holds: a single
measurement of spin does not necessarily definitively determine whether the spin is
up or down. The absence of a Copenhagen wavefunction collapse prohibits an EPR
paradox within standard (first-quantized) quantum mechanics for the entangled
spin- 12 system.
The issue of wavefunction collapse during a measuring process has been open
to debate.19 Our arguments against wavefunction collapse for the entangled spin- 12
system are therefore of value.
If wavefunction collapse cannot happen for the entangled spin- 12 system, one
should question the validity of the Copenhagen picture of measurement in gen-
eral and whether wavefunction collapse can occur in other types of macroscopic
measurements within first-quantized quantum mechanics. In any system with en-
tangled, non-commuting observables, the use of moving measuring devices allows
the violation of the Heisenberg uncertainty principle. This is true for position and
momentum in the original EPR paper.1 Moving measuring devices allow a left-
observer to measure momentum and a right-observer to measure position in such a
way that both measurements take place first in the rest frames of each measurer.
The anticorrelation of momentum in the EPR setup then allows the right-observer
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to deduce the momentum of the object from the measurement of left-observer.
Then violation of the Heisenberg uncertainty relation ∆x∆px ≥ ~/2 occurs in this
Gedanken experiment, suggesting that Copenhagen wavefunction collapse also can-
not happen in this case.
If Copenhagen wavefunction collapse does not happen, then aspects (ii) and
(iii) are not problematic for other versions of the EPR paradox. In addition, the
Converse Copenhagen Statement then indicates that quantum-mechanical uncer-
tainty at the microscopic scale can be transmitted to uncertainty in macroscopic
measurement. This is an important conclusion concerning how measurement7,8, 10
works in first-quantized quantum mechanics. In many cases multiple measurements
are needed to determine the quantum state even when the signal of a device seems
to indicate that it is in particular state. In Section 6, we have illustrated this us-
ing Stern-Gerlach for spin measurements. We have provided a criterion, which we
call the Quantum Measurement Rule, at the end of Section 7 that tells us when
a single measurement suffices to determine the quantum state and when multiple
measurements are needed.
We have analyzed the consequences of “no Copenhagen wavefunction collapse”
for other types of measurements and this led us to propose the Nonlinear Picture
in Eq.(14). For this picture to work, nonlinearities much be present in quantum
mechanics and in Section 9 we show that they naturally arise through feedback
effects when two or more objects interact with one another. Given the existence of
nonlinear effects in quantum mechanics, certain assumptions about the Nonlinear
Picture require dynamical explanations. Here, we discuss two of them and suggest
conjectures as to how they might be resolved.
Issue 1: Why does a particular signal Sj arise in the in Eq.(14) each
time the experiment is conducted?
Conjecture 1: Sensitivity to conditions decides the outcome in Eq.(14).
Each time the experiment is performed, the object that is being measured cannot
be prepared in exactly the same way. Even the measuring aparatus itself cannot be
maintained perfectly the same over time. If there is sensitivity to such details then
one signal could be picked out over another.
Issue 2: Why does the Born Rule hold?
The Born Rule states that the probability of observing the signal Sj is |aj |2 when the
wavefunction is the linear combination in Eq.(9) and the states sj are orthogonal.
If dynamics and sensitivity to conditions determine when a signal Sj occurs, why
should this happen with probability |aj |2? There are some theorems that derive the
Born Rule from fundamental principles in quantum mechanics.41 However, we do
not know whether these theorems hold or can be generalized when nonlinear effects
are taken into account.
Conjecture 2: Basic properties of quantum mechanics (e.g., unitarity,
∑
i |ai|2 = 1,
etc.) automatically yield the Born Rule.
Could it even be that there are “bad” measuring devices for which the Born Rule
does not hold or only approximately holds?
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Note that Issue 1 also arises for the Copenhagen Picture; it really does not
explain why one signal occurs over another in any particular run of an experi-
ment. Issue 2 could arise in principle too: the Born Rule is simply postulated for
Copenhagen wavefunction collapse. Issue 1 for the Linear Picture requires an in-
terpretation of quantum mechanics because it leads to Schro¨dinger Cats. Issue 2
does not arise for the Linear Picture but if the Linear Picture is approximate – as
we have argued – then one needs to understand why the Born Rule seems to be
accurate.
The Nonlinear Picture is a somewhat speculative proposal that is based in part
on the absence of Schro¨dinger Cats. In this work, we have not provided calculations
that indicate that Issue 1 and Issue 2 are resolved. As such, future work is needed
to decide whether this proposal is correct.
Alternatively, wavefunction collapse is realized but occurs during particle pro-
duction and destruction as part of quantum field theory as suggested in reference
30 and movitated by physical considerations in Section 11. In this case, unitarity
of the form in first-quantized quantum mechanics (see the paragraph containing
Eq.(3)) for quantum field theory does not hold. In Figure 2, quantum mechan-
ics and quantum field theory “know” about the anti-correlation of spins when
the electron-positron pair is created in the same sense that the two experimen-
talists in Figure 2 know this when they agree to the experimental setup at an early
time. Because the measurements are conducted within the light-cone and pertur-
bative quantum field theory takes into account all time orderings and is consistent
with special relativity, there is no need for propagation of faster-than-the-speed-of-
light effects and the causal inconsistancies discussed in Section 3 can be avoided.
If photons (or other particles) are produced during the measuring process, then
Ψ(|↑〉− |↓〉+ − |↓〉− |↑〉+)/
√
2 can become Ψγ |↑〉− |↓〉+ or Ψγ |↓〉− |↑〉+ where Ψ and
Ψγ depend on all degrees of freedom except those of the spins of the electron and
position, and where Ψγ is a wavefunction respresenting a state with additional pho-
tons. This type of wavefunction collapse guarantees that the spins of the electron
and positron are opposite when observed in apparatuses by experimentalists. Other
experimental tests of the EPR paradox would be resolved in a similar manner if
collapse of the wavefunction happens when particle are produced.
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Appendix A.
Since there is no spin- 12 measuring device with J = 0, the question arises as to the
existence of such a device for the case J > 0. This is needed as part of the argument
concerning violation of angular momentum in Section 2. As a gedanken experiment,
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one only needs to require the measuring apparatus not to be in conflict with the
laws of physics. This means there is considerable flexibility in its construction. Many
such spin measuring devices are likely to exist. Here, we provide an example.
The device consists of a large number of spin- 12 objects with all spins point-
ing up. If there are Ns such spins, then it is an eigenstate of angular momentum
corresponding to
∣∣Ns
2 ,
Ns
2
〉
. We assume that the device’s objects only interact with
electrons and this occurs through spin exchange: |↓〉e |↑〉s → |↑〉e |↓〉s where e indi-
cates “electron” and s is any one of the Ns spins of the device. We assume that
the device has sufficiently many spin- 12 objects that a down-spin electron passing
through it will flip its spin with virtually 100% probability. After the electron passes
through the device, the electron’s spin will always be up. The existence of a single
down-spin among the Ns spin-
1
2 objects of the device indicates that the spin of the
electron was originally down. If all spins in the measuring device point up, then the
spin of the electron has been measured to be up.
Instead of using spin exchange, one can use charge. Let the objects of the above
device be neutral. If an up electron enters the device then it replaces one of the
neutral spin- 12 up objects and “passes” it momentum to it. If a down electron enters
the device then it simly travels through it. So, if a neutral spin- 12 object exits the
device, then the spin of the electron was up; if a charged electron exits the device,
then the spin of the electron was down. Alternatively, if after the measurement, the
device has charge of −e then the spin of the electron was up; if the device remains
neutral, then the electron’s spin was down.
For the situation in Figure 1, one cannot guarantee that the electron is emitted
in a particular direction. Hence, one needs to have 4pi solid angular coverage. This
requires a spherical shell of spin- 12 objects of a certain thickness at a certain distance
from the source.
If one also wants to measure the positron’s spin, a second set of spin- 12 objects
that only interact with positrons can be used. It can be located at a second spherical
shell that does not overlap with the one used to measure the spin of an electron. If
there are N ′s spins involved in measuring the positron’s spin, then the initial state
it an eigenstate of angular momentum corresponding to
∣∣∣ (Ns+N ′s)2 , (Ns+N ′s)2 〉.
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